The Pol region of the Gag-Pol fusion protein of the L-A double-stranded (ds) RNA virus of Saccharomyces cerevisiae has (i) a domain essential for packaging viral positive strands, (ii) consensus amino acid sequence patterns typical of RNA-dependent RNA polymerases, and (iii) two single-stranded RNA binding domains. We describe here a third single-stranded RNA binding domain (Pol residues 374 to 432), which is unique in being cryptic. Its activity is revealed only after deletion of an inhibitory region C terminal to the binding domain itself. This cryptic RNA binding domain is necessary for propagation of M1 satellite dsRNA, but it is not necessary for viral particle assembly or for packaging of viral positive-strand single-stranded RNA. The cryptic RNA binding domain includes a sequence pattern common among positive-strand single-stranded RNA and dsRNA viral RNA-dependent RNA polymerases, suggesting that it has a role in RNA polymerase activity.
Multiple RNA-protein interactions must occur in the processes of replication and packaging of an RNA virus. Accordingly, many RNA-binding viral proteins have been described, but in only a relatively few cases has the function of the RNA binding been defined.
L-A is a double-stranded (ds) RNA virus of Saccharomyces cerevisiae whose genome consists of a single 4.6-kb segment (reviewed in reference 25) . L-A's cis-acting packaging signal, a stem-loop structure with a protruding A residue, is located 400 nucleotides from the 3' end of the viral positive strand (8) . Replication (negative-strand synthesis) requires two sites, an internal enhancer and the special 3'-end structure and sequence where replication initiates (6) (Fig. 1A) . Viral positivestrand single-stranded (ss) RNA has two open reading frames (ORFs), the 5' gag encoding the major coat protein (Gag) and the 3' pol expressed only as a Gag-Pol fusion protein formed by a -1 ribosomal frameshift event in the region of overlap ofgag and pol (5, 10, 13) . Gag covalently binds the 5' cap structures of cellular mRNAs, a reaction that appears necessary for expression of viral information (1, 2) . Pol is multifunctional with an N-terminal domain necessary for packaging of viral positive strands (9, 18) , amino acid sequence patterns typical of RNA-dependent RNA polymerases of positive-strand ssRNA and dsRNA viruses (13, 19) , and in vitro ssRNA binding activity (10, 18) (Fig. 1A ).
Ml is a 1.8-kb dsRNA satellite of the L-A virus that needs the L-A proteins for its propagation. Ml is responsible for the S. cerevisiae killer phenotype, encoding the secreted killer toxin and immunity to the toxin (reviewed in reference 3). This dsRNA satellite has been a useful tool in studying in vivo the requirements of L-A proteins for RNA propagation. X dsRNA, a deletion mutant of L-A, has likewise been useful in studying the cis signals necessary for several steps in the viral life cycle (7) . The availability of in vitro replication and transcription systems for this virus and the isolation of host t Present address: Department of Microbiology, Facultad de Biologia, University of Salamanca, Salamanca, 37008 Spain. mutants in genes necessary for viral propagation and in genes repressing viral copy number, along with the molecular analysis of these genes and the viral proteins, have led to the understanding of many aspects of the functions of viral and host components in this system (reviewed in reference 25) .
Proteins expressed from an L-A cDNA clone can propagate the M1 or X satellite dsRNAs in S. cerevisiae, and the effects of modifications of the cDNA clone can be used to study the functions of the proteins. The regions surrounding the two most conserved RNA-dependent RNA polymerase motifs have been studied by alanine scanning mutagenesis, resulting in definition of two critical domains for viral propagation (19) . In vivo packaging studies showed that Pol residues 67 to 213 are necessary for encapsidation of transcripts carrying the packaging signal (9, 18) . However, Gag alone is sufficient to form morphologically intact (albeit empty) virus particles (9) . In vitro blotting experiments with fragments of Pol expressed in Escherichia coli have already defined two RNA binding domains. The N-terminal domain (residues 172 to 190) is located within the packaging domain, and its deletion prevents packaging. The C-terminal RNA binding domain (residues 770 to 819) is not essential for packaging but is required for Ml propagation (18) (Fig. 1A) .
In this work, we show that a third RNA-binding domain is present in Pol. This domain is cryptic, revealed only when an inhibitory region C terminal to the binding domain is deleted. We show that this cryptic RNA binding domain is essential for Ml propagation in vivo but not for particle assembly or RNA packaging. The location of a conserved RNA polymerase motif in this cryptic RNA binding domain suggests that its function is related to RNA polymerization.
MATERUILS AND METHODS
Strains and media. 4.7MB (27) , YPAD, YPG, SD, and synthetic complete medium lacking specific amino acids (22) and LB and TB media (20) pJR47, pJR48, pJR49, pJR50, and pJR51 are p3'3, p3'9, p3'11, p33'14, and p3'17 after deletion of the SnaBI-MscI fragment, expressing the Pol amino acids 1 to 57 and 306 to 629, 1 to 57 and 306 to 546, 1 to 57 and 306 to 506, 1 to 57 and 306 to 449, and 1 to 57 and 306 to 437, respectively. pJR58 has the X sequence from pRE76-2-14 (6) cloned in the S. cerevisiae expression vector pVT1O1U (URA3 selection, ADHI promoter [18, 24] ). pJR61 is pJR30 with a deletion of Pol residues 374 to 432 made by site-directed mutagenesis. pJR62 is the L-A cDNA expression plasmid pI2L2 (TRP1 selection, PGK1 promoter [26] ) with Pol amino acids 386 to 425 deleted by site-directed mutagenesis. pJR79 is pI2L2 with the substitution 416KYEWGKQR423-*416AAEWGAQA423 made by site-directed mutagenesis.
Site-directed mutagenesis (16) was done with the Bio-Rad Muta-Gene kit, and DNA sequencing (21) was done with a Sequenase kit (U.S. Biochemicals). Plasmid DNA was introduced into S. cerevisiae as previously described (14) with some modifications (23) . Single-stranded RNA transcripts were made with [a-32P]UTP, T3 (for the negative strand) or T7 (for the positive strand) RNA polymerase, and pLM1 DNA (8, 12) as recommended by the supplier (U.S. Biochemicals). pLM1 contains the L-A sequences of the natural deletion mutant, X (12) . Other DNA manipulations were as described previously (20) .
Heterologous protein expression in E. coli. Plasmids for E. coli expression were maintained in media supplemented with 0.5% glucose in order to avoid the toxicity of basal Pol expression. Heterologous proteins were prepared as described elsewhere (18 (18) . The sheet was washed in the presence of 4 M urea, and the binding reaction was carried out at room temperature for 30 min in 45 ml of 10 mM morpholineethanesulfonic acid (MES)-Tris (pH 7.0)-50 mM NaCl-1 mM VOL. 68, 1994 on July 7, 2017 by guest http://jvi.asm.org/ Downloaded from EDTA-1 x Denhardt's solution-0.01 ,ug of heparin per ml-1.5 mg of denatured calf thymus DNA and a 32P-X positive-strand probe (100 ng, 4.5 x 10' to 5.0 x 106 cpm of T7 transcript of pLM1). Although the probe includes the L-A packaging signal, the in vitro RNA binding was not site specific. In place of calf thymus DNA, equal amounts of tRNA or Torula total RNA were also used, and similar Pol binding was observed, but with higher background binding by E. coli proteins. Binding complexes were detected by autoradiography.
Preparation of particles made from an L-A cDNA clone expressed in S. cerevisiae. Strain JR1, carrying different L-A cDNA constructs, was grown in H-Trp or H-Trp-Ura medium at 30°C for 3 days, and cDNA-derived particles (called cDNA particles below) were purified as described elsewhere (18) . Cells were harvested (10 g [wet weight]) and after treatments with Zymolyase 20T in the presence of osmotic stabilizer were lysed by osmotic difference. cDNA particles were partially purified by differential centrifugation and separated by CsCl gradient centrifugation (130,000 x g, 20 h, 4°C, p = 1.32 g/ml, 13-ml total volume). Fractions of 0.5 ml were collected and stored at -70°C. For immunological analysis of viral proteins, SDS-7.5% polyacrylamide gels of gradient fractions were either stained with Coomassie blue or transferred to a nitrocellulose sheet, which was cut along the 97-kDa prestained molecular mass marker and treated as described previously (10) . The upper part was incubated with anti-Pol, the lower part was incubated with anti-Gag polyclonal antiserum, and the detecting reaction was with an alkaline phosphataseconjugated second antibody (Promega). For Northern (RNA) blot hybridization, gradient samples were prepared and processed as described elsewhere (8, 18) .
L-A cDNA opened empty particles. Particles were isolated by a CsCl gradient as described above but with a total volume of 40 ml to give better separation of particles (p = 1.32) from contaminant proteins (p = 1.31). Fractions (1 ml) were collected, and particle-containing fractions were pooled and diluted to 25 ml with buffer A (50 mM Tris HCl [pH 7.5], 150 mM NaCl, 10 mM EDTA, 1 mM dithiothreitol). Particles were collected by centrifugation (130,000 x g, 1 h, 4°C) and resuspended in 2 ml of buffer A. Samples were dialyzed against 700 ml of 20 mM Tris HCl (pH 7.5)-i mM EDTA, clarified by centrifugation for 10 min at 4°C in a microcentrifuge, concentrated with a Centricon-100 (Amicon) (final volume, 100 to 120 RI), and stored at -70°C without glycerol. Perhaps because these particles are closed and empty, dialysis against low-ionicstrength buffer is not sufficient to open them as it is in the case of normal L-A viral particles (11) , and a cycle of freeze-thaw in the absence of glycerol is critical to open them and detect their Pol region activity. After the particles were thawed, glycerol was added to 20% to stabilize their activity, and they were stored at -70°C.
RNA packaging site-specific RNA binding measured by gel retardation. The standard reaction mixture (15 ,ul) contained 50 mM Tris HCl (pH 9.5), 5 mM EDTA, 1 mM dithiothreitol, opened empty cDNA particles (100 ,ug of protein), 100 mM NaCl, 0.7 mg of bentonite per ml, 40 U of RNasin (Promega), 1 to 2 ,ug of RNA (from T7 RNA polymerase transcription of pBluescript [Stratagene]), and 32P-labeled X positive-strand ssRNA (1 ng, 5 x 10' cpm). The mixture was incubated at 30°C for 20 min, and the binding complex was separated by electrophoresis on a 1.5% agarose gel and detected by autoradiography. While the cDNA opened empty particles bind X positivestrand ssRNA under the conditions previously described for L-A particles (11) , their more narrow separation from contaminating proteins on the CsCl gradients necessitated these -! Lo AC C2 cD O; N T C C: Cl: In vivo killer assay of altered L-A expression vectors. Both cytoduction and the killer assay were done as described elsewhere (18) . Ml dsRNA satellite was introduced by cytoduction (4) into the recipient strain, JR6, carrying the mutants of the L-A expression plasmid. The donor strain, JR5 pI2L2 K+, has no L-A virus, and Ml is supported by the L-A cDNA plasmid, pI2L2, which is almost never transferred by cytoduction. Thus, Ml in the recipient strain depends on the proteins expressed from the mutant cDNA clone.
RESULTS
Pol has a cryptic, third in vitro ssRNA binding domain. We have shown that Pol has an N-terminal ssRNA binding domain from residues 172 to 190 and a C-terminal ssRNA binding domain from residues 770 to 819 (18) . Starting with pJR14, which lacks the N-terminal domain and expresses Pol residues 224 to 860, we made deletions from the 3' end and analyzed their in vitro ssRNA binding activity (Fig. 2) . The first deletion derivative (pJR15) has already lost ssRNA binding activity, as expected from its ending at residue 755 and thus lacking the C-terminal RNA binding domain.
Longer C-terminal deletions of Pol also failed to bind RNA, but surprisingly, a deletion lacking 354 amino acids from the Pol C terminus (JR30, C terminus at residue 506) again (Fig. 2) .
Cryptic binding is not an artifact of C-terminal sequences or of the special N-terminal sequence. Random 3'-end deletions produce extra C-terminal amino acids until the first termination codon is reached. We introduced into pJR14 a UAG termination codon in place of residue 438 of Pol to produce a protein (JR40) with the same Pol sequence as JR32 but lacking any extra C-terminal residues (Fig. 3, left) . This protein bound ssRNA as well as did JR32 or JR30, showing that the extra C-terminal tail was not responsible for the binding. In addition, sequence analysis of the deletion constructs shown in Fig. 2 revealed that JR17, JR18, and JR20 had the three possible tails formed by fusion in the three possible frames with the downstream sequence, and none of these proteins bound RNA. Since all of the constructs in Fig. 2 had the same N-terminal structure starting at Pol residue 224, we constructed a similar series of C-terminal deletions with a different N-terminal sequence (Pol 1 to 57 joined in frame to Pol 306 and thus avoiding the N-terminal RNA binding domain) and ending at the same points as in the constructs in Fig. 2 . These proteins (Fig. 3, right) showed essentially the same binding as did those in Fig. 2, except (Fig. 4, left) . The binding of JR37 shows that the N terminus of the central binding domain lies C terminal to residue 374 (Fig. 4, left) . Further removal of residues 374 to 398 again eliminated RNA binding activity, indicating that the N terminus of the cryptic binding domain is in this interval (Fig. 4, left) . In contrast, a construct similar to JR37 in which the C-terminal inhibitory domain was left intact had no RNA binding activity (Fig. 4, right) . The variation of RNA binding depending on the N terminus of the expressed Pol fragment suggests that binding may depend on the folding of the fragment, a conclusion consistent with its being cryptic.
Deletion of residues 374 to 432 eliminates the cryptic RNA binding activity. Starting with the largest fragment that has the cryptic RNA binding activity (JR30), we deleted residues 374 to 432, fusing the remainder in frame (Fig. 5 ). This construct (JR61) had no RNA binding activity remaining, indicating that the segment deleted was the only one responsible for the cryptic RNA binding activity. propagation. Thus, this region, and presumably its RNA binding ability, has some function in the viral replication cycle.
Viral particles produced from pJR62, the deletion within the cryptic RNA binding site, were indistinguishable from those produced from the wild-type cDNA in their amount and in their incorporation of Gag-Pol fusion protein into particles (data not shown). Expression in S. cerevisiae of deletion mutant or wild-type cDNA clones together with another plasmid making heterologous transcripts carrying the L-A packaging site (9, 18) showed that the mutant was as able as the wild type to package (data not shown).
When opened, purified cDNA particles specifically recognize and bind RNA transcripts carrying the L-A packaging site, a reaction detected in a gel retardation assay. Such cDNA particles made from the wild-type clone, pI2L2, bind labeled transcripts (from pLM1) but not when the packaging site of the transcripts has been destroyed (data not shown). Particles made from the substitution mutant pJR79 bind packaging site-containing transcripts equally well, as expected from the known location of the Pol packaging domain (residues 67 to 213) (18) .
DISCUSSION
During the viral propagation cycle of an RNA virus, different proteins (or different domains of the same protein) must interact with specific sites on the genomic RNA, in its various forms: positive-strand and/or negative-strand ssRNA and/or dsRNA, depending on the virus. These various interactions must be turned on or off depending on the stage of the viral replication cycle. For example, the RNA packaging domain of the Pol region of the L-A dsRNA virus Gag-Pol fusion protein first recognizes the RNA packaging signal, located about 400 nucleotides from the 3' end of the positive strands. At this stage, negative-strand synthesis to form dsRNA is probably prevented until the Gag region of the Gag-Pol fusion protein has associated with free Gag protein to enclose the positive strands in the virus particle. Then, the RNA polymerase interacts with the internal replication enhancer, overlapping with the packaging signal and the 3'-end replication initiation site, and begins to synthesize negative strands to form dsRNA. In synthesizing negative strands, Pol must presumably release the packaging signal. Once dsRNA has been formed, the enzyme initiates transcription to make the viral positive strands which are extruded to act as mRNA and to be packaged in new particles. Each round of transcription must involve binding to the one end and eventually releasing the RNA when transcription is complete.
In view of this sequence of binding and releasing of the genomic RNA at various stages of its replication and packaging, we expect that the cryptic binding domain that we describe here will prove to be a part of these processes and that other such cryptic domains will be found in other RNA viral proteins. 
